Sequencing short tandem repeat (STR) loci allows for determination of repeat motif variations within the STR (or entire PCR amplicon) which cannot be ascertained by size-based PCR fragment analysis. Sanger sequencing has been used in research laboratories to further characterize STR loci, but is impractical for routine forensic use due to the laborious nature of the procedure in general and additional steps required to separate heterozygous alleles. Recent advances in library preparation methods enable high-throughput next generation sequencing (NGS) and technological improvements in sequencing chemistries now offer sufficient read lengths to encompass STR alleles. Herein, we present sequencing results from 183 DNA samples, including African American, Caucasian, and Hispanic individuals, at 22 autosomal forensic STR loci using an assay designed for NGS. The resulting dataset has been used to perform population genetic analyses of allelic diversity by length compared to sequence, and exemplifies which loci are likely to achieve the greatest gains in discrimination via sequencing. Within this data set, six loci demonstrate greater than double the number of alleles obtained by sequence compared to the number of alleles obtained by length: D12S391, D2S1338, D21S11, D8S1179, vWA, and D3S1358. As expected, repeat region sequences which had not previously been reported in forensic literature were identified.
Introduction
Length variations among individuals in short tandem repeat (STR) loci have been used in forensic applications since the 1990s, due to the ease with which these loci can be multiplexed combined with a high degree of heterogeneity. Over the years, many researchers have performed Sanger sequencing of forensic STR loci in order to better understand discordances between capillary electrophoresis (CE) kits, microvariant alleles, null alleles, and mutational events [1] [2] [3] [4] [5] [6] [7] . However, routine Sanger sequencing of STRs is not practical, as loci cannot be multiplexed and heterozygous alleles must be physically separated prior to sequencing.
Massively parallel sequencing methods (herein referred to as next generation sequencing or NGS) can simultaneously sequence many thousands of genomic regions in a single reaction. Industry competition has led to drastic drops in sequencing costs in recent years, and advances in library preparation methods and read lengths now enable sequencing of forensic STR loci, as demonstrated by several laboratories [8] [9] [10] [11] [12] [13] [14] [15] . While these publications highlight the potential gains via NGS, the methods used are low-throughput in samples and/or loci interrogated. A high-throughput approach is needed not only for forensic DNA databasing, but also to reduce the sequencing cost, which is equally important in both casework and databasing applications. In addition, bioinformatics methods for STR sequence data analysis must maintain back compatibility with length-based methods and corresponding existing forensic DNA databases, such as NDIS.
In the work presented here, NGS of 22 autosomal STR loci was performed on 183 population samples, manually in 96-well format. Two bioinformatics pipelines were used to analyze the data, results were compared to CE data, and discrepancies were investigated further. Population genetic analyses including probability of identity (PI) and heterozygosity (Het) were performed on length-and sequence-based alleles. The sequences obtained in this limited data set give an indication of the level of diversity expected in the larger population and provide examples of how isoalleles (alleles of the same length but different sequence) can improve discrimination and mixture deconvolution in forensic casework. Further, demonstrating successful results in a manual 96-well approach indicates the possibility of automated high-throughput sample processing.
Materials and Methods
DNA extracts from NIST population samples (n = 183) were selected to represent individuals of self-identified ancestry from three categories: African American (n = 68), Caucasian (n = 70), and Hispanic (n = 45). These are the three most common population groups in the United States, and published CE data across multiple kits exist for these wellcharacterized population samples [16] .
DNA extracts were quantified with Quantifiler Human DNA Quantification Kit (Life Technologies, Carlsbad CA, USA) on an ABI 7500 Real Time PCR System (Life Technologies). Based on Quantifiler results, samples were normalized to 0.5 ng/μL. DNA samples were amplified with a prototype version of the PowerSeq Auto System (Promega Corporation, Madison WI, USA), which includes the same loci amplified in PowerPlex Fusion (Promega): 22 autosomal STR loci, one Y-STR locus (DYS391), and Amelogenin. These loci are inclusive of the expanded US CODIS core loci and the 12 core European Standard Set loci. The PowerSeq Auto System is designed for NGS: it contains non-labeled primers and produces amplicons between 129 and 284 base pairs in size.
The amplification reaction consisted of 5 μL 5× reaction mix, 5 μL 5× primer mix, 14 μL H 2 0, and 1 μL sample (0.5 ng) for a total reaction volume of 25 μL. Amplification was performed on an Applied Biosystems GeneAmp 9700 thermal cycler with the following parameters: 96 °C hold for 1 min; 30 cycles of 94 °C for 10 s, 59 °C for 1 min, 72 °C for 30 s; 60 °C hold for 10 min; 4 °C soak. Following the instruction of the assay developers, each sample was amplified two times, then both reactions were pooled prior to purification.
Samples were amplified in 96-well plate format containing 94 DNA samples per plate, one negative control consisting of PCR master mix without DNA template (NTC), and one negative control for library preparation consisting of an empty well (LNEG). Within the 188 DNA samples, the five single source components (A, B, C, E, and F) of NIST Standard Reference Material 2391c PCR-Based DNA Profiling Standard were run as positive controls; CE and Sanger sequencing data has been published for these samples [17] .
PCR products were purified with the QIAquick 96 PCR Purification Kit (Qiagen, Limburg, Germany) according to the manufacturer's instructions. For each plate, a subset (n = 12) of the purified PCR products were quantified with the Qubit dsDNA HS Assay Kit (Life Technologies) according to the manufacturer's instructions. Based on an average value of the Qubit results per plate, approximately 1 μg of each purified PCR product was used as input for sequencing library preparation. Individual samples were not normalized with respect to DNA input for the library preparation procedure.
Sequencing template libraries were prepared with the TruSeq DNA PCR-Free Sample Preparation Kit HS (Illumina, San Diego CA, USA) following the manufacturer's protocol (Illumina part # 15036187 Rev. B). For the first 96-well plate, the size selection option for 550 bp insert libraries was performed (NOTE: manufacturer's protocol recommends using 2 μg purified product as input for this size selection option). Due to low final concentration of the libraries for the first plate, the size selection procedure was changed to the 350 bp library insert option in order to retain smaller library molecules when processing the second 96-well plate. After the ligation and cleanup procedure in the TruSeq protocol, 48 samples from each 96-well plate were quantified using the Kapa Biosystems qPCR Master Mix and Primer Premix (ABI Prism) for Illumina Platforms (Kapa Biosystems, Wilmington MA, USA) on an ABI 7900 quantitative PCR (qPCR) instrument (Life Technologies). Libraries from both plates were sufficient for sequencing.
Libraries were pooled on an equal volume basis and the average concentration from the qPCR quantification was used as the nominal concentration in the procedure "Preparing Libraries for Sequencing on the MiSeq" (Illumina part # 15039740 Rev. D), where both library pools were denatured according to the instructions for a 2 nmol/L library. PhiX control was spiked into the sample library at 5 % to compensate for the possibility of low library diversity. Sequencing was performed on the MiSeq system (Illumina) using the 600 cycle MiSeq Reagent Kit v3 (Illumina) for 2 × 300 paired end sequencing following the procedure in the "MiSeq Reagent Kit v3 Reagent Preparation Guide" (Illumina part # 15044983 Rev. B) and the "MiSeq System User Guide" (Illumina part # 15027617 Rev. N).
Bioinformatics
Following completion of the sequencing run, FASTQ files were generated by MiSeq Reporter (Illumina). These files were analyzed with two independent bioinformatic pipelines to cross-validate the results.
1.
Length-based allele calls, bracketed repeat region sequences, and coverage levels were generated using the proprietary software, ExactID (Battelle Memorial Institute, Columbus OH, USA). True allele and stutter responses were discriminated from noise using an analytical threshold of 160 reads in all cases where the FASTQ files were > 50 MB per sample, and 50 reads for files less than 50 MB per sample.
2.
The Perl script STRait Razor version 1.5 [18] was automated for batch sample processing using Bpipe [19] . STRait Razor output files were parsed with a custom Java script which produced length-based allele calls, repeat region sequences, and coverage statistics. Sequences that were in the majority, defined as the highest coverage allele per locus and any additional alleles coverage ≥ 40% of the highest coverage allele with complementary and balanced forward/ reverse reads, were reported as true alleles.
Genotypes from both ExactID and STRait Razor were independently analyzed for concordance to CE-based genotypes generated previously with PowerPlex Fusion (Promega) [16] . The concordance checks were performed using the VLOOKUP function in Excel (Microsoft, Redmond WA, USA). Discordances were evaluated further to determine the true genotype/sequence, and manual corrections were made as needed.
Population Genetics
Sequence variants per locus, per allele, and per population were compiled and counted. The probability of identity (PI) and heterozygosity (Het) were calculated per locus within and across populations, and compared between loci across populations. The genotype for lengthbased alleles are the two STR repeat numbers (e.g., D2S1338: 17,17) whereas the genotype for sequence-based alleles are the two sequences (e.g. 
Results and Discussion

Sequencing results
As this sequencing method was a combination of prototype amplification primers and a library preparation method intended for fragmented DNA, minimal treatment of run performance metrics were assessed. Averaged metrics are followed by +/− standard deviation. The total number of paired sequencing reads for the first and second plates were 1.137 × 10 7 and 2.885 × 10 7 respectively. Based on these figures, the average number of paired sequencing reads per sample was approximately 9.9 × 10 4 (+/− 4.0 × 10 4 ) and 2.9 × 10 5 (+/ − 9.9 × 10 4 ), respectively for the first and second runs. After filtering out non-majority reads using the STRait Razor/Java informatics pipeline, the average per locus coverage (the number of sequence reads per locus) was 2540 × (+/− 430) and 8290 × (+/− 3470) for runs one and two, respectively.
Supplementary Figure 1 contains heatmaps of the coverage per sample and per locus for both plates.
Positive and negative control results
The five single source components (A, B, C, E, and F) of NIST Standard Reference Material 2391c PCR-Based DNA Profiling Standard were compared to the published Sanger sequencing data [17] . For these five samples, the NGS sequence data for all STR loci included in the prototype PowerSeq Auto System (22 autosomal STR loci and one Y-STR locus) were concordant with the published Sanger sequence data. Results at the Amelogenin locus were also concordant with published data.
Sequences detected in the negative control samples NTC and LNEG can be categorized as follows: 1) sequences which contain only ambiguous "N" bases, 2) sequences which contain base calls but do not bin to an STR locus in the bioinformatic pipeline, and 3) sequences which contain base calls and do bin to a locus in the bioinformatic pipeline. Sequences in category three are the most likely to interfere with analysis. The highest number of sequences in category three (i.e. coverage of an STR allele) in a negative control sample in this study was 25× coverage. Analysis results from the NTC and LNEG controls from each plate are included in Supplementary Table 1 .
CE concordance check results
Concordance was evaluated between the length-based CE genotype and the length-based NGS genotype for all 183 samples and all 24 loci, resulting in evaluation of 4,392 loci. Both bioinformatic pipelines produced numerical genotypes that were over 99% concordant to the CE genotypes. Instances of discord, described below, were all attributable to bioinformatic configurations. There were no instances of discord attributable to sequencing errors.
Three categories of discord were observed in comparing the two NGS pipeline results to the CE data.
1.
Flanking region InDels: Traditional CE analysis accounts for the entire amplified region when determining the STR allele length. Both bioinformatic methods used in this study employ recognition sites adjacent to the repeat region. When an InDel was present outside of the bioinformatic recognition sites but within the CE amplified region, a discordant result was obtained. One example of this was seen at the D13S317 locus, where a four base deletion in the 3′ flanking region resulted in a "9" allele by CE and a "10" allele by NGS. In this case, there were 10 repeat units present; therefore, the NGS result was not in error, but rather was discordant in comparison to CE data.
2.
Bioinformatic null allele, Type 1: In this category of discord, deleted bases in the same region as a bioinformatic recognition site caused one allele to go undetected in the bioinformatic pipeline, resulting in the erroneous appearance of a homozygote. This was observed at the Penta D locus, where a 13 base deletion adjacent to the 5′ repeat region caused the sequence to go undetected in one bioinformatic method. This deletion is common in individuals of African descent (resulting in an x.2 allele via length-based CE analysis).
3.
Bioinformatic null allele, Type 2: In this case, the bioinformatic configuration file did not contain a bin matching the observed allele. One example of this type of discord was observed at the D12S391 locus, when a "17, 17.1" genotype by length-based CE and one bioinformatic method appeared as a "17" homozygote by the other bioinformatic method. The cause was confirmed by the lack of a 17.1 allele definition in the bioinformatic configuration file.
In all cases of discordant data, it should be noted that the original sequence data was correct. There are several possible approaches to overcoming each category of discord. In the case of flanking region InDels and type 1 bioinformatic null alleles, determining common variants that may be encountered and moving the bioinformatic recognition sites accordingly is one strategy to improving concordance with length-based CE data. Type 2 bioinformatic null alleles can be remedied by accounting for all possible length variants at each locus in a configuration file. For both versions of bioinformatic null alleles, it was also determined that errors such as this could be detected by evaluating expected versus observed locus coverage based on interlocus balance across the sample set. The source of each bioinformatic null allele detected in this study has been addressed in more recent versions of ExactID and STRait Razor [20] , as applicable.
The results of this concordance check demonstrate the utility of using multiple bioinformatic analysis methods and comparing results to length-based CE data, particularly at this early stage in bioinformatic pipeline development. However, this analysis and the resulting categories of discord should not be considered comprehensive for multiple reasons. Analyzing more samples with the methods outlined above may reveal additional sources/ types of error. In addition, it is expected that other approaches for obtaining STR genotypes from sequence data will be developed, and each bioinformatic approach may have different limitations. Analyses such as this are an important step prior to forensic implementation of NGS.
Alleles obtained by sequence
At the highest level of analysis, counting the alleles obtained by length and by sequence reveals which loci exhibit the largest increase in alleles via sequencing. These findings are largely consistent with the published literature. For example, Scheible et al. [14] studied 19 of the loci herein on n=18 population or control samples, and reported the most gain in alleles by sequence at D12S391, with additional gains by sequence for D2S441, D3S1358, FGA, vWA, and D21S11. In addition, Zeng et al. [13] , using the same multiplex as this study on n=24 population samples, detected sequence-based heterozygotes at the D21S11, D2S1338, D3S1358, D8S1179, and vWA loci. Gelardi et al. [8] focused population sample sequencing efforts (n=197 Danish individuals) on three loci confirmed herein as highly discriminating: D3S1358, D12S391, and D21S11. Dalsgaard et al. [15] and Rockenbauer et al. [9] each employ sequence data at one locus to address specific questions of CE allele resolution (D12S391) and mutation in parentage cases (D21S11), respectively.
Scheible et al. [14] reported no gain in alleles by sequence for D2S1338; however, only two alleles total were detected at this locus among the 18 samples sequenced and dropout was confirmed by CE comparison. Lastly, gains were reported for three simple repeat loci (D5S818, D7S820, and D16S539) which are likely owed to flanking region polymorphisms, not investigated herein.
For the gains in alleles to have maximal impact in improving discrimination among individuals for forensic applications, it is important that the sequence variation be well distributed across alleles. Figure 1 shows the number of sequence variants observed per length-based allele, per locus.
For the six loci showing the greatest gain in alleles by sequencing, the correlation coefficient (Pearson's r) was calculated between the number of sequence-based alleles per length-based allele and the global frequency of that length-based allele, as reported in [16] . At five of these loci (D12S391, D2S1338, D21S11, D8S1179, and D3S1358) the correlation coefficient ranged from 0.56 to 0.83, indicating the gains in alleles by sequence may be distributed in positive correlation to length-based allele frequencies. At the vWA locus, the correlation coefficient was near zero, inferring no correlation between distribution of gains in alleles by sequence (highest for alleles 14 and 15) to length-based allele frequencies (highest for alleles 16 and 17) . Reasons for this finding at the vWA locus derive from sequence variants that appear to be associated with alleles 14 and 15 and the presence of two sequence variants for all other length-based alleles. A full listing of sequence variants obtained at all loci, including notation of alleles not previously reported in forensic literature [21] is included in Supplementary Table 2 .
Population genetic analyses
The results of probability of identity (PI) and heterozygosity (Het) analyses can be seen in Table 2 , and are separated by population, as well as presented as averages across populations. In addition, the loci were ranked based on their PI and Het averages across populations by length and by sequence, with #1 being the most discriminating locus and #22 being the least. The change in this ranking by going from length to sequence is also reported in Table 2 , and allows for comparison between loci. The loci are divided in the same way as Table 1 , with the first (left most) group demonstrating the greatest increases in alleles by sequence, the second (middle) group demonstrating moderate increases in alleles by sequence, and the third (right most) group having no additional alleles by sequence.
The increase in Het averages across populations for the first grouping of loci shown in Table  2 range from 4 % to 12 %, and represent the percentage of individuals at each of these loci who were homozygous by length and became heterozygous by sequence. The middle grouping of loci have an increase in Het ranging from zero to 8 %, whereas the last grouping of loci with no additional alleles have no increase in Het. The decrease in PI averages across populations for the first grouping of loci shown in Table 2 range from 1 % to 6 %, and represent the decrease in probability that two individuals will have the same genotype at a locus. The middle grouping of loci have a decrease in PI ranging from zero to 2 %, whereas the last grouping of loci with no additional alleles by sequence have no decrease in PI. The change in locus ranking from length to sequence analysis shows gains or no change in rank for the first grouping of loci, followed by primarily loss or no change in ranking for the middle and last groupings of loci.
For loci such as D2S1338, despite the substantial increase in number of alleles by sequence (+28 as shown in Table 1 ), the improvements are minimal because this locus is already highly polymorphic by length, with correspondingly low PI and high Het by length (essentially there is little room for improvement in these metrics). For loci such as TPOX, there is no change in Het, PI or rank, because it has an equally low number of alleles by both length and sequence. The locus which demonstrates the greatest overall improvement is D3S1358. Because this locus exhibits only eight alleles by length, it is able to achieve a substantial improvement in these metrics by sequence. Lastly, D2S441 is categorized as a locus that experiences a moderate gain in alleles by sequence in Table 1 , but is shown in Table 2 to experience the greatest improvement in PI, Het and associated rankings from the "moderate" group. Moreover, it is the only locus in this "moderate" group to improve in ranking. The reason for this can be found by referring to Figure 1 , which shows that the five alleles gained by sequence at this locus are each variants of a different length-based allele. In addition, the five length-based alleles which contain sequence variants at D2S441 account for over 72% of the total allele frequency at this locus according to global allele frequency data [16] .
On a population level, the greatest gains are seen in the African American population, where the six loci with the greatest increase in alleles (D12S391, D2S1338, D21S11, D3S1358, D8S1179, and vWA) have average decrease in PI of −4.4 % and average increase in Het of +11.5 %. The average decrease in PI / increase in Het for the European and Hispanic populations among these six loci were −2.1 % / +5.5 % and −2.6 % / +8.1 %, respectively.
Conclusions
The results of sequencing 183 population samples at 22 commonly used autosomal STR loci are indicative of which loci may routinely benefit from repeat region sequencing. Six loci are included in this category: D12S391, D2S1338, D21S11, D8S1179, vWA, and D3S1358, and these loci are largely consistent with the results of other studies which included fewer samples and/or fewer loci [8, 13, 14] . These benefits will be realized in the form of an increase in alleles, which will increase the statistical power of an inclusion and also decrease the frequency of overlapping alleles. The level of improvement is expected to vary by population. The additional 16 loci may randomly exhibit sequence variation and may provide additional information on a case-by-case or population-specific basis. In addition, sequencing flanking regions is expected to provide further information at some loci and evaluating stutter by sequence may also provide benefits, particularly in the case of mixture analysis. Analyses to characterize flanking region variation and stutter within this dataset are ongoing and will be the subject of future publications. Additional research is needed to qualify which samples or mixture types are expected to benefit from sequencing and quantify the extent of this benefit, so that laboratories can evaluate the cost-benefit of implementing this technology.
These results also show that, at this point in development, the configuration of the bioinformatic pipeline can have a significant impact on the concordance or lack thereof with CE length-based data. While changes have been made to both bioinformatic methods used in this study to address the particular issues detected herein and achieve concordance, sequencing more samples is expected to reveal further discordances. Comparing results across platforms and pipelines is important during developmental validation; more importantly, quality assurance measures to detect lower than expected coverage at a locus should be implemented to guard against "bioinformatic null alleles".
While the high quality and single source nature of the population samples and the positive controls implemented in this study provide confidence in the repeat region sequences obtained, developmental validation of the commercially available assay will be needed prior to forensic laboratory internal validation. In addition, while this study demonstrates that quality results can be obtained when processing samples in a 96-well format, the manual library preparation used herein would require automation to truly be considered highthroughput.
In addition to validation studies, sequencing a greater number of population samples than were included in this study will be needed to generate allele frequencies. We are expanding our sequencing efforts to include more samples from the populations discussed herein (African American, European, and Hispanic) to address this need in the near future.
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